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1. Executive Summary 
 

The advances in ferroic thin films make possible frequency-agile monolithic radio-frequency 
(RF) devices in the Ka band using moderate external fields, electrical or magnetic.  This STTR program is 
targeted at developing ferroelectric and ferromagnetic tunable filters with the following specifications: 

(i) low insertion loss, targeting < 1 dB,  
(ii) high out-of-band rejection, targeting > 20 dB,  
(iii) small size with preferably integrated solutions,  
(iv) the ability to operate at high power levels, targeting > 2 Watts,  
(v) low power consumption in the device and control circuit,  
(vi) fast switching speed, and 
(vii) temperature stability.  

 The Phase II project is divided into eleven tasks as shown in Table 1.   
 

Table 1.  Proposed Phase II Performance Schedule.   
Quarters Phase II Task Facility 1 2 3 4 5 6 7 8 

1. IMPROVE BST nGimat         

2. BST TEMPERATURE STABILITY nGimat         

3. IMPROVE FILTER DESIGN nGimat/GT         

4. DEPOSIT BZN nGimat         

5. FABRICATION/TESTING nGimat/GT         

6. OPTIMIZE FERRITE FILMS nGimat         

7. FERRITE FILTERS nGimat/GT         

8. PROTOTYPING nGimat/GT         

9. SCALE-UP nGimat/GT         

10. CUSTOMER RELATIONS nGimat         

11. REPORT nGimat         
 
 In this final reporting period, the device fabrication equipment was operational and there was no 
problem of metal peeling off during evaporation. The following outlines the progress in thin film 
deposition and device fabrication:  

(1) In this reporting period, we optimized the Ba, Sr, and Ti ratio to get high tuning low insertion 
loss BST thin film for RF device fabrication.  This was required due to a change in precursor 
lots with a different metal content.  Thick metal using CPW pattern was put onto the BST 
samples. Tuning and insertion loss were measured so that the dielectric constant and figure of 
merit could be calculated.  We selected of the best Ba, Sr and Ti ratio as a new standard value 
for BST deposition.   

(2) We fabricated four of Georgia Tech designed 2-pole CPW Ka-band filters and nGimat 
designed Ring Ka-band filters.  S-parameters for these samples are reported. 

(3) We used dual-layer BST structure with different compositions to achieve a significantly more 
temperature stable BST thin film.  The variation of capacitance vs temperature for one sample 
shows only 2 % range under a bias of 16 V in the temperature range of –40 to 120 oC.  We 
will use this composition for future temperature stable BST thin film deposition. 

(4) Since BZN sample has low insertion loss, wide temperature stable window, and 
decent RF tuning, it is an indispensible material for this Army project with a very low 
loss desired (<1dB).  In the previous quarterly report, we reported that we deposited 
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several BZN samples with around 50 % tuning and 2 dB insertion loss at 67 GHz, and 
below 1dB over many GHz.  We tried to repeat depositing BZN for Ka-band tunable 
filter fabrication.  However, it seems that the deposition condition for tunable BZN 
deposition is very picky.  There may be too many factors effecting the tunability of 
BZN: deposition composition, electrode processing, doping and BZN composition.  
Although sometimes we got some tunable BZN samples in this reporting period, we 
still have not achieved repeatable tunable BZN structures. 

(5) We are still working on the device fabrication of Ka-band Substrate-Integrated 
Folded-Waveguide (SIFW) Filter designed by Ga Tech.  We will submit the results to 
the TPOC and others in the future once we finish the fabrication and measurements. 
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2. Results and Discussions 
 
2.1 BST composition optimization and electrical properties 

In one of our on-going Air Force SBIR Phase II (contract # FA9451-10-C-0012) program, we 
developed BST thin films to get low insertion loss, high breakdown voltage, ferroelectric materials.  In 
this Army effort we also used these films results to further study the BST electrical properties and to 
optimize the BST composition.   Each time we get a different lot of precursor(s) the elemental weight % 
can change, thus throwing off the BST ratio.  In this case we did get a precursor with undefined 
percentage change, so we had to refine the ratio of each precursor to achieve the best results. 

Total nine samples are listed in Table 2.  For comparison, the tuning, insertion loss and figure of 
merit (FOM) of different samples with various Ba, Sr, and Ti ratio are listed.  The tuning is from E-shape 
capacitors of the CPW mask.  The metallization is done at nGimat this time.  Except the Ba, Sr and Ti 
composition ratio, other deposition parameters were kept constant.  1x1 cm c-plane sapphire was used as 
the substrate.  
 After considering the tuning, insertion loss, and FOM as well as the XRD results, we selected 
Ba/Sr ratio being 0.625 and (Ba+Sr)/Ti ratio being 0.75 as a standard ratio for final depositions in this 
report.  The Georgia Tech designed 2-pole CPW Ka-band filter and nGimat designed Ring Ka-band filters 
are fabricated using BST diced from a coated 2” inch wafer.  We deposited two 2 inch BST film samples, 
UR30D and UR30E.  The UR30D’s BST film thickness is around 230 nm, while UR30E’s BST film 
thickness is around 200 nm.  Total four tunable Ka-band filters were made, and their electrical properties 
with S-parameters are shown in the following section. 
 Figure 1 shows that area XRD detector pattern of some of BST samples.  There is an XRD arc as 
indicated by the arrows appearing in the XRD pattern of 10167-03, 10177-02, 10196-01, while it 
disappears in the XRD pattern of UR30B and UR30C.  The existence of XRD arc means that the some of 
the BST grain of BST film is randomly oriented (not single crystal).  As we mentioned, UR30B and 
UR30D are our new standard BST.  Without XRD arc in the XRD pattern of UR30B and UR30D 
indicates that they have high crystal quality and BST ratio and epitaxy conditions have been optimized.  
Figure 2 shows the SEM image of standard BST sample UR30B.  Figure 3 shows the insertion and 
return loss measurement result up to 67 GHz for some of the BST samples. 
 
Table 2.  Average Tuning, Insertion Loss at 40 GHz, and Figure of Merit for different BST with various 
Ba, Sr and Ti ratio. 
 

Sample # Ba/Sr Ba+Sr/Ti Average 
Tuning 

Film thickness 
(nm) 

Insertion loss at 
40 GHz (dB) 

Figure of Merit 
(FOM) 

10167-03 0.605 0.8 39.2 230 5.7867 6.7407 
10168-01 0.675 0.9 43.4 230 6.4273 6.5656 
10177-01 4.0 0.9 32.5 230 8.5506 3.9234 

4.0 0.9 10177-02 
(double layer) 0.6 0.9 31.5 330 7.7018 4.0606 

10196-01 0.605 0.8 26.2 200 4.0132 6.4845 
10196-02 0.675 0.9 28.9 180 5.0844 5.3582 
10196-03 0.625 0.75 40.1 200 4.8531 7.937 
UR30B 

(2 inch single layer) 
New standard 

0.625 0.75  210   

4.0 0.9 UR30C-1 
(2 inch double layer) 0.6 0.9 32.9 230 7.749 4.4053 
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Figure 1.  Area XRD detector pattern of some of BST samples. (a) 10167-03; (b) 10177-02; (c) 10196-
01; (d) UR30B; and (e) UR30C. The lack of arc in UR30B and UR30C indicates their higher quality. 

10167-03 10177-02

10196-01 UR30B

UR30C

(a) (b) 

(c) (d) 

(e) 
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Figure 2.  SEM micrograph of standard BST UR30B on C-plane sapphire. 
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Figure 3.  Insertion and return loss measurement results for BST composition study samples. (a) 
RF10196-03 with composition of Ba/Sr ratio 0.625 and (Ba+Sr)/Ti ratio 0.75 (We select this composition 
as our new standard single layer BST); and (b) UR30C with composition of : (a) bottom layer Ba/Sr ratio 
4.0 and (Ba+Sr)/Ti ratio 0.9 and (b) top layer Ba/Sr ratio 0.6 and (Ba+Sr)/Ti ratio 0.9. 

(a) 

(b) 
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2.2. BST temperature stable film deposition and electrical measurements 
DoD has a wide temperature range for various application.  To have enhanced temperature stable 

BST capacitors, two-layer BST structure was used with different BST composition and temperature 
response.  Because the dual BST layers have different Curie temperature due to their different 
composition, their temperature response will compensate with each other, which results in enhanced 
stable temperature response in a wide temperature range (from – 40 to 120 oC).   

Two samples with different composition of dual layer were deposited: (a) UR30C and (b) 
RF10219-01.  For UR30C, the composition of bottom layer is: Ba/Sr being 4.0 and (Ba+Sr)/Ti being 0.9; 
the composition of top layer is: Ba/Sr being 0.6 and (Ba+Sr)/Ti being 0.9. For RF10219-01, the 
composition of bottom layer is: Ba/Sr being 3.5 and (Ba+Sr)/Ti being 0.75; the composition of top layer 
is: Ba/Sr being 0.5 and (Ba+Sr)/Ti being 0.75. 

The measured temperature response of BST temperature stable capacitors from UR30C and 
RF10219-01 are shown in Figure 4.  Table 3 shows the variation of capacitance vs Temperature for 
samples RF10219-01.  From Figure 4, sample RF10219-01 has better temperature response than UR30C: 
less capacitance variation and higher Q-factor.  The capacitance variation of sample RF10219-01 in the 
temperature range of –40o and +120 oC is about 5 % when the applied voltage is at 0V and only 2 % at 16 
V, respectively.  The tuning of sample RF10219-01 is around 44 % in the entire temperature range. 
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Figure 4. Temperature response of two dual-layer BST samples.  Sample UR30C (a) Capacitance vs 
Temperature; (b) Q-factor vs Temperature, and sample UR10219-01 (c) Capacitance vs Temperature; (d) 
Q-factor vs Temperature. 
 
Table 3. The variation of capacitance vs. Temperature for sample RF10219-01. 
 

Temp 0v 8v 16v 24v 32v 40v Tuning 
-40 0.483 0.422 0.363 0.325 0.299 0.280 42% 
-20 0.495 0.426 0.365 0.327 0.301 0.282 43% 
0 0.504 0.428 0.367 0.329 0.303 0.284 44% 

20 0.510 0.429 0.368 0.331 0.305 0.286 44% 
40 0.511 0.428 0.369 0.332 0.306 0.287 44% 
60 0.509 0.426 0.368 0.332 0.307 0.289 43% 
80 0.504 0.422 0.367 0.332 0.308 0.290 43% 

100 0.495 0.416 0.365 0.331 0.308 0.290 41% 
120 0.490 0.412 0.363 0.330 0.307 0.290 41% 

Temp 
Variation 5% 4% 2% 2% 3% 4%  

 

(c) 

(d) 
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 From the temperature study measurement results, we selected  3.5/0.75 and 0.5/0.75 dual layer as 
the standard temperature stable BST ratio for this projects future device fabrication.    We have a 
commercial application for which we are hoping to make many phase shifters with this composition. 
 
2.3. BZN film composition optimization and electrical measurements 
 

We reported that the BZN-based capacitors has a tuning of 35 % with BZN composition of  
1.13:1:0.88 on c-plane sapphire substrate in the previous quarterly report.  In this reporting period, we 
deposited six more BZN samples with different composition ratios, deposition temperature and film 
thickness, and tried to repeat the previous results.   We found that two of the samples have similar tuning 
as before.  When we tried to redo the deposition using the same deposition conditions, the BZN film did 
not tune again.  From our experience, the tuning of final sample is very sensitive to the BZN deposition 
condition including composition, temperature, doping, cooling down rate (different cooling rate will 
result in different phase of BZN material), and possibly electrode processing.  To get a repeatable and 
tunable BZN thin film, we still need to do more extensive research. 

Figure 5 shows the area XRD detector pattern of five BZN thin films.  The electrical properties 
of the six BZN samples are listed in Table 4, previous tunable BZN sample (09337-02) is also listed as a 
reference. 
 

                 
 
 

         
 
Figure 5. Area XRD detector pattern of BZN samples.  (a) 10166-01; (b) 10201-01; (c) 10204-02; (d) 
10222-01; and (e) 10236-01.  Their compositions are listed in Table 4. 
 
 
Table 4. List of deposited BZN samples with deposition conditions and electrical measurement results 
(@ 1MHz). 

10166-01 10201-01 10204-02 

10222-01 10236-01 
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Tuning of different 
capacitor in CPW 

structure at 40 V(%) Sample ID Solution Ratio 
(Bi:Zn:Nb) Deposition 

Temp (oC) 
  

Thickness (nm) Dopant 
Tuning of test 
capacitor at 20 

V 
C1 CPW #2 

(5/10) 
09337-02 

(09323-01)  
(REF) 

1.13:1.0:0.88 835 300 Unintentional 43 % 4.0 % 1.4 % 

10166-01 1.06:1:1.08 835 300 1%  Fe 4.6 %   

10201-01 1.06:1:1.08 800 300 1%  Fe  5.5 % 3.0 % 

10204-02 1.13:1.0:0.88 800 300 No  3. 4 % 1.48 % 

10216-01 1.06:1:1.08 800 230 1%  Fe N/A N/A N/A 

10222-01 1.06:1:1.08 800 230 No 5.8 %   

10236-01 1.06:1:1.08 800 230 1% Fe 4.3 %   

 
To measure electrical properties of insertion loss at both low and high frequencies, coplanar 

waveguide (CPW) were fabricated on selected samples by a lift-off process at nGimat.  Capacitance and 
dielectric loss at low frequencies are measured by HP 4285A Precision LCR meter.  Microwave 
properties at high frequencies are measured by a network analyzer at Georgia Tech. 

Figure 6 shows the schematics of the typical 7 mm long CPW structures with (a) 70 µm gaps and 
a 30 µm center conductor (signal), and (b) 10 µm gaps and a 5 µm center conductor.  These CPW 
structures are referred as CPW1 and CPW2 structures, respectively.  Return and insertion losses were 
measured on these CPW structures at different frequencies up to 65 GHz.   

             
(a) CPW1 structure    (b) CPW2 structure 

Figure 6. Schematics of the 7mm long CPW structures (a) with 70 µm gaps and a 30 µm center 
conductor (signal) (CPW1) and (b) with 10 µm gaps and a 50 µm center conductor (signal) (CPW2). 
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Figure 7. Insertion and return loss measurement results for BZN samples: RF10201-01, RF10201-02, and 
RF10204-02.  (a) return and insertion loss on CPW1 structure, (b) zoomed insertion loss on CPW1 
structure, (c) return and insertion loss on CPW2 structure, and (d) zoomed insertion loss on CPW2 
structure. 
 
 Figure 7 shows the measured return and insertion loss of three BZN samples: RF10201-01, 
RF10201-02, and RF10204-02.  The insertion loss of these samples are as low as around 2 dB from 0 to 
67 GHz no matter what the compositions and deposition conditions are.  If we can reduce the 0.5 dB 
insertion loss from the thick metal layer by increasing the thick metal layer thickness and improve the 
metal/BST interface states, BZN could be an indispensible material for low insertion loss RF device 
application.  The consistency of tunability must be addressed. 
 
2.4. Ka-band tunable Filter Devices 
 Figure 8 shows the picture of 2-pole CPW Ka-band tunable filter designed by Georgia Tech.  
(also shown in Figure 15 of the report #2).  Figure 9 shows the picture of nGimat designed Ka-band 
tunable ring filter (also shown in Figure 17(b) of the report #2).  As we mentioned before, we deposited 
two 2” BST wafer using our new standard BST composition and deposition conditions.  Total four 
samples were fabricated using nGimat and Ga Tech designed Ka-band tunable filter structures.   

Figure 10 shows the measured S-parameters of 2-pole Ka-band filter under bias voltage from 0V 
to 30 V. (a) UR30D-05, (b) UR30E-01.  From our experience, low capacitance will result in low tuning.  
The tuning for both of these samples are low maybe because in this design the capacitance is small 
(around 0.06 pF) and has large percentage of fringe field capacitance (not in BST) that does not tune.   

Figure 11 shows the measured S-parameters of the most recently made Ka-band Ring filter using 
the current standard BST films.  We did not deposit the ground metal on the back of the sapphire substrate 
and used the chuck on the probe station as its ground.  Directly deposited metal does affect the devices 
performance.  This filter was measured without bias (or at 0V only).  We have previously made the same 
filter with ground metal deposited on the back of the substrate and the tuning of this filter from 0 to 30 V 
was demonstrated in Figure 16 of the report #2. (or Figure 12 of this report).  We expect that there are 
several µm air gap between the bottom of the sapphire substrate and the ground chuck.  This air gap 
should have a minimal degradation on the insertion and return loss measurements.  The insertion loss for 
the samples UR30D-04 and UR30E-01 are about 2.8 dB at around 32 GHz, while the return loss for both 
of these samples are less than 15 dB  The sample UR30E-02 has return loss larger than 15 dB around 35 
GHz and the insertion loss of about 4 dB at around 33 GHz.  Note that the filter on UR30E-02 has both 
the upper and lower cutoff at higher frequencies than the ones on UR30D-04 and UR30E-01.  We suspect 

(d) 
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that this filter has a wider gap between the electrodes in the capacitor area, resulting in smaller 
capacitance. 

The three filters above have been fabricated using nGimat’s new standard BST films.  An 
identical filter on UR18C-06 (thickness in the range of 200 to 230 nm) has been made using one of the 
previous BST films, and its measured responses are presented in Figure 16 of the report #2.  For readers’ 
convenience, the old filter’s responses are repeated in Figure 12 here with 0V and 30V insertion loss 
marked at the center of the passband.  The filter using the new standard BST film has a slightly higher 
insertion loss of 2.75 dB compared to 2.3 dB of the filter using old BST film.  The slight difference in 
insertion loss may be due to a number of reasons including BST film thickness, BST and metal contact 
interface, or the small air gap between the substrate and the ground in the three recently made filters etc. 
  

            
 
Figure 8.  Photo of Georgia Tech designed 2-pole Ka-band tunable filters biased through RF electrodes. 
  
 
 

 
 

4.73 mm 
 
Figure 9. Picture of a fabricated nGimat designed Ka-band tunable Ring filter. 
 

3.5 mm 

Bias Pad 

Bias Pad 
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Figure 10. Measured S-parameters of 2-pole Ka-band filter under bias voltage from 0V to 30 V. (a) 
UR30D-05, (b) UR30E-01.  From our experience, low capacitance will result in low tuning.  The tuning 
for both of these samples are low maybe because in this design the capacitance is small (around 0.06 pF). 
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Figure 11. Measured S-parameters of Ka-band Ring filter without bias  

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Frequency (GHz)

UR18C 06_RingFilter_00V_30V

-40

-35

-30

-25

-20

-15

-10

-5

0
33.65 GHz
-2.301 dB

31.5 G Hz
-2.307 dB

D B(|S(1,1)|)
U R18C 06_RingFilter_00V
D B(|S(2,1)|)
U R18C 06_RingFilter_00V
D B(|S(1,1)|)
U R18C 06_RingFilter_30V
D B(|S(2,1)|)
U R18C 06_RingFilter_30V

Bias (Volt) Return loss Insertion loss
0 Blue Pink

30 Brown Red  
Figure 12.  The responses of the filter in Figure 10 fabricated for the report #2 using previous BST film, 
but this one has bottom metallization. 
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3. STTR Partner final report from Ga Tech 
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4. Commercialization 
 
 A special aspect of SBIR programs is to help transition technology to commercial practice.  This 
effort helped move nGimat tunable dielectric capability towards commercialization.  We reduced loss and 
reduced the size of parts.  This is very important to commercial applications.  We presented results at a 
couple of conferences and published results with Georgia Tech.   
 The best commercialization at the current time is for phase shifters with Power Wave.  The 
reduced loss and equipment repairs in part funded by this SBIR helped moved this closer to occurring.  
We are near a possible order for 200,000 parts, with more follow-on orders after this.   We will continue 
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on commercial capability after this effort.  Any part sales from our tunable dielectrics will help other part 
types (phase shifter sales will help future tunable filter sales). 
 
5. Conclusions 
 As a summary, in this reporting period, BST thin films with different compositions were 
deposited on c-sapphire substrates.  After comparing the tuning, insertion loss and figure of merit of all of 
these samples, we selected one of the composition for 2” inch wafer BST deposition. Electrode 
processing equipment was made functional and tested.  Four Ka-band devices were fabricated from two 
different wafers having different thickness using nGimat and Gatech design structures.  The measured S-
parameters for return loss and insertion loss are reported also. 
 We deposited two different dual layer BST samples for temperature stable study.  The variation 
of capacitance vs temperature of one of the samples is as small as 2 % in the entire temperature range 
under a bias of 16 V voltage.  This composition is promising for future temperature stable RF device 
applications.  We have a commercial application for which we are hoping to make many phase shifters 
with this composition. 

We still have the problem to get repeatable tuning BZN thin films.  BZN thin films show very 
small insertion loss (<1dB to 2dB) in a range of 0 to 67 GHz.  Although sometimes we can get tunable 
BZN films, it is not repeatable.  We will continue to do more extensive research on BZN thin film 
deposition. 
 We are still working on the device fabrication of Ka-band Substrate-Integrated Folded-
Waveguide (SIFW) Filter designed by Gatech.  We will submit the results in the future to the TPOC once 
we finish the fabrication and measurements. 
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6. Equipment Used 
• CCVD 
• Class 100 cleanroom  
• Complete microlithography equipment set 
• Hitachi S-800 Field Emission Scanning Electron Microscope (SEM) 
• Siemens General Area Detector Diffraction System (GADDS) 
• Agilent Vector Network Analyzer 8510 or PNA 8353 
• LCR Meter 

 
 
 

7. Personnel 
 
Personnel Responsibility 
Yongqiang Wang, Ph.D. –Research Engineer, 
and Principal Investigator  

Fabrication and oversees project, materials 
development 

Andrew Hunt, Ph.D. – CEO/CTO Supervisor 
Kwang Choi, Ph.D. – RF Engineer Design and testing 
Deepika Rajamani – Process Engineer Deposition, evaporation 
John Papapolymerou, Ph.D. – Subcontractor Filter design and RF measurements 

 
 

8. Percentage of Each Task Completed 
 

Phase II Task Task Completed 

1. Improve BST 100% 
2. BST Temperature Stability 100% 
3. Improve Filter Design 100% 
4. Deposit BZN 100% 
5. Fabrication/Testing  90% 
6. Optimize Ferrite Films 60% 
7. Ferrite Filters 35% 
8. Prototyping 90% 
9. Scale-up 80% 
10. Customer Relations 70% 
11. Report 100% 

 


